Context. Stellar pulsations in main-sequence B-type stars are driven by the κ-mechanism due to the Fe-group opacity bump. The current models do not predict the presence of instability strips in the B spectral domain at very low metallicities. As the metallicity of the SMC is lower than Z = 0.005, it constitutes a very suitable object to test these predictions. Aims. The main objective is to investigate the existence of B-type pulsators at low metallicities, searching for short-term periodic variability in absorption-line B and Be stars in the SMC. The analysis has been performed in a sample of 313 B and Be stars with fundamental astrophysical parameters accurately determined from high-resolution spectroscopy. Methods. Photometric light curves of the MACHO project have been analyzed using standard Fourier techniques and linear and non-linear least squares fitting methods. The position of the pulsating stars in the HR diagram has been used to ascertain their nature and to map the instability regions in the SMC. Results. We have detected 9 absorption-line B stars showing short-period variability, two among them being multiperiodic. One star is most likely a β Cephei variable and the remaining 8 are SPB stars. The SPB instability strip in the SMC is shifted towards higher temperatures than the Galaxy. In the Be star sample, 32 stars are short-period variables, 20 among them multiperiodic. 4.9% of B stars and 25.3% of Be stars are pulsating stars. Conclusions. β Cephei and SPB stars do exist at the SMC metallicity. The fractions of SPB stars and pulsating Be stars in the SMC are lower than in the Galaxy. The fraction of pulsating Be stars in the SMC is much higher than the fraction of pulsating absorption-line B stars, as in the Galaxy.
Introduction
A significant fraction of main-sequence B-type stars are known to be variable. The whole main-sequence in the B spectral range is populated by stars belonging to two well characterized classes of pulsating variables: the β Cephei stars (Stankov & Handler 2005) and the Slowly Pulsating B stars (SPB stars, de Cat 2002) . Both types of stars pulsate due to the κ-mechanism acting in the partial ionization zones of iron-group elements. β Cephei stars do pulsate in low-order p-and g-modes with periods similar to the fundamental radial mode. SPB stars are high-radial order g-mode pulsators with periods longer than the fundamental radial one.
The κ-mechanism in β Cephei and SPB stars has an important dependence on the abundance of iron-group elements, and hence the respective instability strips have a great dependence on the metallicity of the stellar environment. Pamyatnykh (1999) showed that the β Cephei and SPB instability strips practically vanish at Z < 0.01 and Z < 0.006, respectively. The metallicity of the Small Magellanic Cloud (SMC) has been measured to be between Z = 0.001 and Z = 0.004 (see Maeder et al. Send offprint requests to: Pascual.Diago@uv.es ⋆ Figs. 2, 3, 5-9 and Tables 4-7, are only available in electronic form at http://www.aanda.org 1999, and references therein). Therefore, it is not expected to find β Cephei or SPB pulsators in the SMC. However, as observational capabilities progress, B-type pulsators are found in low-metallicity environments (see, e.g., Ko laczkowski et al. 2006 , and references therein). Recently, Miglio et al. (2007a,b) have made new calculations based on OPAL and updated OP opacities and different metal mixtures. They have shown that the blue border of the SPB instability strip is displaced at higher effective temperatures at solar metallicity, and that a SPB instability strip exists at metallicities as low as Z = 0.005. Their calculations, however, do not predict β Cephei pulsations at Z = 0.005.
Another large class of stars populating the B-type main sequence are the Be stars. They are defined as nonsupergiant B star whose spectrum has or had at some time one or more Balmer lines in emission. As the Be nature is transient, Be stars might exhibit a normal B-type spectrum at times, and hitherto normal B stars may become Be stars. Classical Be stars are physically understood as rapidly rotating B-type stars with line emission arising from a circumstellar disk in the equatorial plane, made by matter ejected from the stellar photosphere by mechanisms not yet understood (see Porter & Rivinius 2003 , for a recent review).
Be stars show two different types of photometric variability with different origin and time-scale: (i) Long-term variability due to variations in size and density of the circumstellar envelope. Variations are irregular and sometimes quasi-periodic, with time scales of weeks to years; (ii) Shortterm periodic variability, with time-scales from 0.1 to 3 days, attributed to the presence of non-radial pulsations. As pulsating Be stars occupy the same region of the HR diagram as β Cephei and SPB stars, it is generally assumed that pulsations have the same origin, i.e., p and/or g-mode pulsations driven by the κ-mechanism associated with the Fe bump. The current theoretical models are not suitable to describe the pulsational characteristics of Be stars, due to the high rotational velocity of these objects.
However, recent developments are contributing to progress on this issue (e.g. Reese et al. 2006) . In a recent study of the pulsational properties of Be stars in the Galaxy, Gutiérrez-Soto et al. (2007, hereafter GS07) have shown that the fraction of pulsators among Be stars is much higher than in absorption-line slow-rotating stars in the same spectral range.
The aim of this work is to search for short-term periodic variability in both B and Be stars in the SMC. We have focused our research on a sample of more than 300 B-type stars for which Martayan et al. (2007b, hereafter M07) obtained high-resolution spectroscopy with the FLAMES instrument at ESO/VLT. M07 have identified the Be stars, provided spectral classification for the whole sample and accurately calculated the fundamental astrophysical parameters, including log T eff and log L/L ⊙ . This will allow us to place the periodic variables in the theoretical HR diagram in order to better understand their nature and to map the regions of pulsational instability at the SMC metallicity. A preliminary discussion of some of the pulsating Be stars found in this work has already been presented by Martayan et al. (2007a) .
The search for periodic variability has been done by analyzing the photometric time series provided by the MACHO project (Alcock et al. 1999) . MACHO is a microlensing survey experiment that monitored about 60 million stars in the Magellanic Clouds and the Galactic Bulge. The time span of the MACHO observations is large enough to provide a very high frequency resolution in the spectral analysis and hence allow us to distinguish between very close frequencies.
Data analysis

The sample
A total of 198 absorption-line B stars were studied by M07. Among them, 4 are not included in the MACHO database and 8 more do not have measured errors in their photometry. From the remaining 186 stars, we consider 3 to be Be stars, since they show outbursts in their light curves (SMC5 074305 and SMC5 079021) or longterm quasi-periodic variations (SMC5 082379). These characteristics are typical of Be stars. The transient nature of the Be phenomenon can explain the non-detection by M07 of the Hα emission in these 3 stars. Therefore, the final sample of absorption-line B stars for which we have performed frequency analysis is composed of 183 stars.
The initial sample of Be stars studied by M07 is composed of 131 objects. 2 of them are not present in the MACHO database, and 2 more do not have measured errors. On the other hand, we have added the 3 stars considered to be Be stars as explained in the above paragraph. Therefore, our sample of Be stars with MACHO photometry consists of 130 objects. Among them, 4 present a very complex long-term light curve, with bursting behavior and irregular high-amplitude variations, which prevents the search for short-term variability. The final Be star sample for which we have performed frequency analysis is thus composed of 126 stars.
The distribution of our definitive samples of B and Be stars as a function of their spectral type is presented in Fig. 1 . The spectral classification has been taken from M07.
Frequency analysis
The MACHO survey provides photometric instrumental magnitudes for each star in two contiguous "blue" and "red" passbands, which are labeled B and R. They are at different wavelengths than the standard B and R passbands in the Johnson-Cousins photometric system. The light curves have an average of 1000 data points spanning 2700 days. A typical 1-day alias pattern is present in the spectral window of the MACHO data, since the observations were obtained at only one site.
The frequency analysis was performed in both B and R datasets using a self-developed code based on standard Fourier techniques, and linear and non-linear leastsquare fitting. This code is quasi-automatic and suitable for medium to large sets of data.
The first step of our method consists of searching for frequencies one by one by computing the discrete Fourier transform (Deeming 1975; Scargle 1982) of the light curve, and then adjusting a sinusoidal function for the detected frequency by means of linear least-square fitting. When a frequency is found, it is prewhitened from the original data and in a new step a search begins for a new frequency in the residuals. The method is iterative and stops when the new frequency is not statistically significant.
The criterion used to determine whether the frequencies are statistically significant is the signal to noise amplitude ratio requirement described in Breger et al. (1993) . It consists of the calculation of the SNR of the frequency in the periodogram. This is made by calculating the signal as the amplitude of the peak for the frequency obtained and the noise as the average amplitude in the residual periodogram after the prewhitening of all the frequencies detected. Breger et al. (1993) proposed that a value of SNR ≥ 4 is a reliable criterion to distinguish between peaks due to real frequencies and noise.
Once we have obtained a preliminary set of significant frequencies for each star and filter, we perform a non-linear multi-parameter fitting based on the method described by Vaníček (1971) , also explained in detail by Zerbi et al. (1997) . This code simultaneously adjusts all the frequencies, allowing the fit to move over a wide range in frequency (global fitting) in order to obtain the minimum variance.
Finally, we determine the amplitudes and phases for the definitive frequencies by least-square fitting to the data. The SNR are calculated for the new set of frequencies. Only significant frequencies are retained from the spectral analysis. The phase diagrams folded with the detected frequencies are displayed in Figs. 2 to 3, available in the electronic version.
The resolution in frequency for the majority of stars is ∼ 3.7 × 10 −4 , following the Rayleigh criterion. The uncertainty on the detected frequencies is 1 − 5 × 10 −5 c d −1 . This value has been derived analytically using the formula given by Montgomery & O'Donoghue (1999) , and taking into account the correlations in the residuals, as described by Schwarzenberg-Czerny (1991) .
Results
In this section we present the results of the search for variability performed on the two samples of B and Be stars described above. A summary of these results is shown in Table 1 .
Short-term variability
We consider as short-period variables those stars whose light curves present periodic variations with frequencies higher than 0.333 c d −1 . In the sample of 183 absorptionline B stars we have found 9 short-period variables. Two among them are multiperiodic. In the sample of Be stars, 126 have been analyzed for short-term variability. 32 Be stars have been found to be short-period variables, 20 among them being multiperiodic.
The detected frequencies with their amplitudes and phases for B and Be stars are presented in Tables 2 and 3 respectively. The phase diagrams for each star folded with the detected frequencies are depicted in Figs. 2 and 3 for B and Be stars respectively (only available in the electronic version). The amplitude variation due to the beating of two close frequencies is clearly seen in the light curves of four multiperiodic variables, when folded with the difference of the two frequencies. This effect occurs when two waves of frequencies F 1 and F 2 with similar amplitudes are present in the light curve. The frequency of the resulting wave is the average of the two detected frequencies Table 4 respectively, available online. The presence of the beating phenomenon confirms the existence of close frequencies in these stars.
Long-term variability
In addition to the short-term variability, we have found periodic or quasi-periodic variations with frequencies lower than 0.333 c d −1 for 6 Be stars. The frequencies, amplitudes and phases are presented in Table 5 , and the folded light curves in Fig. 6 , both available online.
One of these stars, SMC5 016161, has been discussed by Martayan et al. (2007a) , who showed that it is an spectroscopic binary, and interpreted the light curve as produced by ellipsoidal variability.
Eclipsing binaries
The light curves of 3 absorption-line B and 1 Be stars are characteristic of eclipsing binaries. Periods for each binary star are listed in Table 6 and phase diagrams are depicted in Figs. 7 and 8 for B and Be stars respectively (only available online).
Irregular variability
We have found a total of 5 Be stars showing outbursts or irregular variations (see Table 7 ). In 4 of them these variations prevented us from performing a frequency analysis to search for short-term variability, as stated before. In Fig. 9 Table 2. Pulsational characteristics of short-period variable absorption-line B stars in the SMC. (available online) we show the irregular light curves of these Be stars. The star SMC5 079021 presents a photometric outburst at the end of the MACHO light curve. The data before the outburst does not show significant irregular variability, and therefore we have been able to perform a frequency analysis using only the first part of the light curve. Short-period multiperiodic variability has been detected (see Table 3 ).
Discussion
Pulsating B stars
We have found 9 short-period variable absorption-line B stars. Their pulsational characteristics are presented in Table 2 . In Fig. 10 we have represented their positions in the theoretical HR diagram. The values of log T eff and log L/L ⊙ , as well as the spectral type and V sin i, have been taken from M07. For comparison, we have also represented the theoretical boundaries of the β Cephei and SPB instability strips and the ZAMS line for solar metallicity. All pulsating B stars are restricted to a narrow range of temperatures, between log T eff = 4.24 and 4.39 K.
In the bottom panel of Fig. 11 we display the period distribution of β Cephei and SPB stars in the Galaxy, from Stankov & Handler (2005) and de Cat (2002) respectively. In the top panel we have represented the period distribution of our sample of pulsating B stars in the SMC. All stars but one have periods longer than 0.5 days, characteristic of SPB stars. Star SMC5 004326 has two close periods in the range of the p-mode pulsators in the Galaxy. In addition, it is the hottest star in our sample (log T eff = 4.39 K). We propose that this star is a candidate β Cephei variable in the SMC. In Fig. 12 we display the phase diagrams folded with the two detected frequencies.
However, the periods found are somewhat too long to correspond to p-modes of a little evolved star. This may well be a high-order g-mode pulsator, ie. a SPB star. If this is the case, the SPB instability strip in the SMC is considerably shifted towards higher temperatures than predicted by the current models, as discussed in more detail below.
In addition, SMC5 004326 has a large rotational velocity V sin i = 370 ± 30 km s −1 , while most β Cephei stars in the Galaxy are known to be slow rotators (Stankov & Handler 2005) . However, these authors include in their list several fast-rotating bona fide β Cephei stars. They also suggest that the fact that most β Cephei stars Pamyatnykh (1999) . The ZAMS at solar and SMC metallicity are from Schaller et al. (1992) .
are slow rotators can be a selection effect, as the highestamplitude pulsators have the lowest rotational velocities.
If SMC5 004326 is indeed a β Cephei star, this would constitute an unexpected result, as the current stellar models do not predict p-mode pulsations at the SMC metallicity. However, as the assumed SMC metallicity is an average value, this particular case might correspond to a star with a higher metal content. A spectroscopic determination of its metallicity would help resolve this issue.
The eight remaining pulsating stars in our sample are SPB variables. They are located on the main sequence of the HR diagram, in the temperature range between log T eff = 4.24 and 4.35 K (see Fig. 13 ). The region containing all the SPB stars is depicted with a dashed line. The high temperature limit is shifted towards hotter temperatures with respect to the instability strip at solar metallicity, represented in Fig. 10 . It is also placed at temperatures higher than the ones predicted by the new computations by Miglio et al. (2007b) for Z = 0.005. The low-temperature limit is most likely of observational origin, due to the fact that there are few stars with lower temperatures in our sample, and their photometry is less accurate because of their faintness. In Fig. 14 we display an example of the phase diagrams corresponding to a multiperiodic SPB star. A puzzling circumstance regarding our sample of SPB stars is that only one has been detected as multiperiodic. The only multiperiodic object has a secondary period which is exactly twice the primary one, and hence even this object could be monoperiodic but with a non-sinusoidal light curve. This means that the variability in some of these stars might not be caused by pulsations, but by other phenomena like eclipsing or ellipsoidal binarity. However, none of these stars have been detected as binary in the spectroscopic sur- vey of Martayan et al. (2007a) . Thus, we consider our figure of eight stars as an upper limit to the number of bonna-fide SPB stars in our sample. SPB stars in the Galaxy are also characterized as having low-rotational velocities, although there are several cases of fast rotation (de Cat 2002) . In our sample, SPB stars in the SMC have rotational velocities evenly distributed around the mean rotational velocity of absorption-line B stars (V sin i = 160 km s −1 , M07).
Pulsating Be stars
In Fig. 15 we have represented the pulsating Be stars in the theoretical HR diagram. The values of the fundamental parameters of the Be stars are corrected for rapid rotation assuming Ω/Ω c = 95% (M07). We have included in the figure the region where the SPB stars are located as described in the previous subsection. Most Be stars are placed inside or very close to this region, suggesting that most pulsating Be stars in the SMC are g-mode SPB-like pulsators. Three stars are significantly outside the strip towards higher temperatures (SMC5 014271, SMC5 014878 and SMC5 037158). All of them are multiperiodic, with the detected periods lower than 0.3 days. Therefore, we propose that these stars may be β Cephei-like pulsators.
As an example, we display in Fig. 16 the phase diagrams of the Be star SMC5 045353, folded with the detected frequencies.
Degree of variability
The stellar samples searched for short-term variability are composed of 183 absorption-line B stars and 126 Be stars. We have found 9 pulsating stars among the former and 32 among the latter. This means that 4.9% of B stars and 25.3% of Be stars are short-term variables. If we restrict our comparison to the interval B2-B3, where most of the pulsating stars are found (see discussion below), the fraction of pulsating B and Be stars is 5.4% and 31.5% respectively.
The fraction of non-radial pulsators among the fastrotating Be stars is much higher than the fraction among slow-rotating B stars. The same result was obtained for stars in the Galaxy by GS07. These results suggest that high rotational velocity has the effect of triggering the development of non-radial pulsations in B stars, or to enhance the amplitude of existing modes to make them more easily detectable. As an alternative explanation, the prevalence of non-radial pulsations could be related to the yet unknown nature of the Be phenomenon.
To compare the degree of variability between B stars in the SMC and in the Galaxy we make use of the statistics of pulsating B stars presented by GS07. We have only found one β Cephei candidate in the SMC, and hence no statistical comparison is possible. In the case of SPB stars, in an unbiased sample of 795 galactic bright B stars, GS07 found 35 SPB stars, ie. 4.4%. In the SMC we found 8 SPB stars among 183 stars, representing a fraction of 4.4%. Both percentages are identical, and both samples are statistically significant. However, the above statistics are likely to be biased because in the galactic sample used by GS07, most of the stars are of late B-type, while in our SMC sample most of the stars have spectral types B3 or earlier. This is due to the fact that the late B stars are much fainter and are difficult to observe at the SMC distance. On the other hand, SPB stars are of spectral types B2 or later, both in the Galaxy and in the SMC. If we restrict our comparison to the B2-B3 spectral range, in the Galaxy we have 14 SPB stars among 160 B stars, ie. 8.8%. In the SMC we have 8 SPB among 147 stars, representing 5.4%. Moreover, the much larger dataset of the MACHO survey allows for a much more complete detection than the Hipparcos data, from which most of the known galactic SPB stars have been detected. Finally, the figure of eight SPB stars we have found in the SMC is to be considered as an upper limit as discussed in the previous section. This represents a lower fraction in the SMC than in the Galaxy as predicted by the current models.
All pulsating Be stars found in this work but one are of spectral types B3 or earlier. In fact, only 11 Be stars of the whole sample have later spectral types. The fraction of pulsating Be stars in the SMC is 27% in the B0-B3 interval. This percentage is to be compared with 74% found by GS07 or 86% given by Hubert & Floquet (1998) for pulsating Be stars in the Galaxy. Therefore, in the case of Be stars, the prevalence of pulsations in the SMC is significantly lower than in the Galaxy, as expected from the lower metallicity environment.
Conclusions
We have searched for short-term variability in a sample of 183 absorption-line B stars and 126 Be stars in the SMC with accurately determined physical parameters. We have studied their position in the theoretical HR diagram and mapped the regions of pulsational instability in the SMC.
We have found 9 pulsating absorption-line B stars. Among them, 8 have periods longer than 0.5 days, characteristic of Slow Pulsating B-type stars. The region occupied by the SPB stars in the SMC is shifted towards higher temperatures with respect to the galactic SPB instability strip and to the predictions of recent models for Z = 0.005. The remaining star presents two short periods within the range of the β Cephei variables. This fact and its high effective temperature lead us to propose that it is indeed a β Cephei star. This is an interesting result as current stellar models do not predict β Cephei pulsations at the SMC metallicity.
There are 32 pulsating stars among the Be star sample. Most of them are placed in the region occupied by the SPB stars in the HR diagram of the SMC and present periods longer than 0.5 days. They are most probably g-mode SPBlike pulsators. 3 pulsating Be stars are significantly hotter and present much shorter periods, within the range of the β Cephei stars. We propose that they are β Cephei-like pulsators.
The prevalence of pulsations among Be stars is significantly higher than among absorption-line B stars, much as in the Galaxy. We have found that 25.3% of Be stars present short-term variability, while only 4.9% of B star pulsates. This result indicates that the high rotational velocity either contributes to trigger the development of nonradial pulsations or to enhance the amplitude of the existing modes. Alternatively, the prevalence of non-radial pulsations could be related to the still unknown nature of the Be phenomenon.
Both the fraction of SPB among B stars and pulsating Be stars among the whole sample of Be stars in the SMC are lower than in the Galaxy, indicating that the prevalence of pulsations is directly affected by the metallicity of the environment, as predicted by the current stellar models. 
